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Recombination of slow highly charged ions at the surface of a target foil can be used as a source of
x rays for a projection x-ray microscope. In a first test of this concept, a low emittance beam of
Ar181 and Ar171 ions from an electron beam ion trap was focused with einzel lenses to a 20mm full
width at half maximum spot on a beryllium target foil. The 3 keV x rays from radiative deexcitation
of the ions were used to obtain a magnified image of an electroformed nickel mesh with 20mm
resolution by projection onto a CCD camera. Prospects for substantial improvements in resolution
and intensity are discussed. ©1998 American Institute of Physics.@S0034-6748~98!00801-6#
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I. INTRODUCTION

X-ray microscopy provides information unobtainab
with visible-light microscopy due to the different absorptio
properties of x rays and the possibility of imaging smal
structures. As the capabilities of x-ray microscopes impro
they are becoming valuable tools in biology and mater
science.1–4 Three different types of x-ray sources are pre
ently used for x-ray microscopy: conventional x-ray tub
and other electron-beam devices,5–9 plasma sources,10 and
synchrotron radiation.2–4 Several different techniques hav
been used to obtain microscopic images with these sour

High quality x-ray images can be obtained with synch
tron radiation, and most synchrotron radiation facilities ha
beam lines for x-ray microscopy. The best resolution h
been obtained at low x-ray energy, particularly in the 30
500 eV ‘‘water window’’ of importance for biological stud
ies. In a typical arrangement, the synchrotron radiat
passes through a monochromator and is then focused
small spot with a Fresnel-zone-plate condenser lens or a
pered capillary. An x-ray image is obtained by scanning
sample through the focused beam spot. Fluxes of about6

photons per second at 350 eV have been focused to a 50
diam spot for imaging biological samples.3 In the same en-
ergy band, a lateral resolution of about 100 nm has b
obtained with a pulsed plasma x-ray source.10 At higher x-
ray energy, a flux of 106 photons per second at 12.3 keV w
measured through the 100 nm opening of a tapered capi
with a synchrotron-radiation source.11

X-ray microscopy with electron-beam-generated x ra
has a long history.12 Although these conventional ‘‘labora
tory’’ x-ray sources have a much lower brilliance than sy
chrotron radiation sources, they are much smaller and ca
located in individual research laboratories. Images are
tained either by scanning a sample through the collima
beam from a high power x-ray tube,5–7 or by focusing an
electron beam to a small x-ray-emitting spot and obtain
an x-ray image by projection.8,9 The projection technique is
the same as that used in the present work, except for
different nature of the x-ray source. Yada and Takaha
used the focused electron beam of a scanning electron
croscope as an x-ray source for a projection x-ray mic
scope that achieved a resolution better than 0.2mm at 1.7
keV x-ray energy.8 At higher photon energies~6.4–7.5 keV!,
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Rondot and Cazaux obtained 10mm resolution with a similar
arrangement;9 two different x-ray energies were used to o
tain element selectivity in the images.

In this article we introduce a laboratory x-ray micro
scope based on another type of x-ray source—the radia
from slow highly charged ions as they radiatively deexcite
the surface of a target foil.13 This novel x-ray source avoid
several fundamental limitations of conventional x-r
sources, suggesting that it could eventually lead to an x-
microscope with superior performance. Results from the
tial tests of a projection x-ray microscope powered by hig
charged ions are reported here.

The key requirement for an x-ray microscope based
highly charged ions is an ion source with high brightne
The electron beam ion trap~EBIT!14,15 and the related elec
tron beam ion source~EBIS!16 produce slow very-highly-
charged ions with remarkably low emittance~on the order of
1 p mm mrad for typical beam energies!, suggesting that it
may be possible to focus low-energy ion beams from th
sources to small spots suitable for projection x-ray micr
copy. Low emittance is extremely important because
resolution of a projection x-ray microscope is determined
the size of the x-ray source, which in this case is exactly
same as the size of the focused ion spot.

Several other properties of EBIT ions make them attr
tive for x-ray microscopy. The radiation yield during surfa
recombination is very high, up to 5% or more of the total i
energy depending on the ion species and incident energy~In
comparison, the radiation yield for electrons striking the a
ode of an x-ray tube is on the order of 1023– 1024, and
anode heating is often a serious problem.! Unlike x-ray
tubes, the recombination x-ray spectrum is bremsstrahlu
free and consists entirely of the characteristic line radiat
of the incident ions. The range and scattering of slow hig
charged ions is far less than that of electrons. In fact, ra
tive deexcitation occurs within a few nanometers of the t
get surface;17 hence beam spreading does not limit the re
lution. The x-ray energy can be selected by choosing
appropriate ion species, and energies up to 100 keV~ura-
nium K x rays! are possible. These properties of highl
charged-ion-produced x rays encouraged us to explore
use of an EBIT at the Lawrence Livermore National Lab
ratory for x-ray microscopy.
8/69 „1…/204/6/$15.00 © 1998 American Institute of Physics
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II. X-RAY IMAGING

The concept of our projection x-ray microscope is illu
trated in Fig. 1. Given a point source of x rays, the magn
cation of an x-ray image by projection is straightforwar
The magnification is given byM5b/a, wherea is the dis-
tance from the x-ray source to the sample andb is the dis-
tance from the x-ray source to the CCD. The magnificatio
easily adjusted by varying the sample position.

X rays are emitted isotropically from the ion recombin
tion point. Depending on the number of vacancies and
fluorescence yield of the recombining ions, the number
x-ray photons emitted per incident ion may be more or l
than one. For example, Ar181 has twoK-shell vacancies. Its
fluorescence yield is not known precisely, but it is close
the 12% value for aK vacancy in neutral argon.18 Ions with
a nearly emptyL or M shell can also be produced easily
an EBIT. In this case, multiple x-ray photons per ion a
expected, particularly for heavy elements where the fluo
cence yield is high. An x-ray spectrum from the recombin
tion of Ar181 and Ar171 ions on a beryllium foil is shown in
Fig. 2. The spectrum was obtained with a silicon photodio
detector. The 3 keV argonK x-ray peak consists of multiple
satellite lines spanning an energy range of 2.96–3.30 keV
Ar171 and Ar181 combined.19 Element-selective imaging i
possible with our microscope by choosing incident io

FIG. 1. Arrangement of a projection x-ray microscope using x rays fr
highly charged ions. Incident ions are focused to a small spot on a targe
that is transparent to the x rays produced in the recombination of the io
the foil surface. A magnified radiograph of a sample is obtained by pro
tion of its x-ray shadow onto a CCD camera.

FIG. 2. X-ray spectrum ofK x rays from the recombination of Ar181 and
Ar171 ions incident on a beryllium target foil at an energy of 17.3q keV.
Rev. Sci. Instrum., Vol. 69, No. 1, January 1998
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whose recombination radiation is above or below selec
absorption edges.

The resolution of a microscope is ultimately limited b
the wavelength of the radiation used to form an image.
principle, the resolution of an x-ray microscope can be mu
better than the resolution of a visible-light microscope b
cause x rays have much shorter wavelengths than vis
light. However no x-ray microscope has come close to
wavelength limit. The resolution of the present microsco
arrangement is determined entirely by the size of the focu
ion spot: 20mm for the results reported here. The contrib
tion of diffraction to the image resolution is given byD
5(la)1/2, where l is the x-ray wavelength anda is the
distance between the sample and the x-ray source. For 3
x rays and a55 mm as in the present experiment,D
51.4mm. If submicron focused ion spots become availa
in the future, the effect of x-ray diffraction could be reduc
by decreasing the sample distance.

III. ION SOURCE

In an EBIT ions are trapped within the space char
potential of a magnetically compressed electron beam. In
EBIT used for the present work, a 150 mA electron be
was compressed to a diameter of 70mm by a 3 Tmagnetic
field. The ions were confined to a 2 cmlength of the electron
beam by voltages applied to three trap electrodes. Argon
were produced from neutral argon gas injected into the tr
Trapped ions were quickly stripped to high charge states
successive ionizing collisions with beam electrons. More
tailed descriptions of the EBIT and its extracted ion bea
can be found elsewhere.14,15

Ions were extracted from the EBIT by slowly raising th
potential of the center trap electrode until the ions spil
over one of the end electrodes, which was biased at a po
tial of 17.3 kV. The ions were then guided by the electr
beam as far as the electron collector. After passing an ext
tion aperture, the slightly diverging ion beam was focus
onto the entrance of the x-ray microscope by an einzel l
as indicated in Fig. 3. Steerer plates were used to make s
adjustments in the ion beam direction as needed.

IV. ION FOCUSING

An ion focusing column consisting of two einzel lens
and two apertures was constructed to take advantage o
low emittance of EBIT ions to produce a small focused i
spot. As shown in Fig. 3, an entrance aperture defines
initial beam size and position for the focusing column. T
entrance aperture was a 0.5-mm-thick tantalum disk~to
block x rays produced by ion impacts on the upstream s!
with a 0.5-mm-diam hole. Each of the two einzel lenses p
duces a demagnified image of the entrance aperture.
amount of demagnification depends on the ion energy
the voltages applied to the einzel lenses. For the present m
surements, each lens demagnified the image by a facto
roughly 5. The second lens is normally adjusted to obtai
focus at the fixed target-foil position, so it is primarily th
strength of the first lens that can be varied independentl
adjust the overall demagnification. Note that ions in differe
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charge states follow identical trajectories through the elec
static lenses. Although some lower-charge-state ions
present in the beam, only Ar181 and Ar171 contribute to ar-
gon K x-ray production.

Ray tracing calculations show that the size of the fi
beam waist is limited by spherical aberrations as the stren
of the einzel lenses is increased in an attempt to ach
smaller focused ion spots. The contribution of spherical
errations to the final spot size grows as the cube of the
placement of the ions from the axis as they pass through
second lens. A 4-mm-diam aperture was placed in fron
the second lens to limit the off-axis position of ions enteri
this lens. The effect of this aperture is to limit spheric
aberrations by removing ions with a large divergence an
Note that the initial divergence of the ions is magnified

FIG. 3. Layout of the ion focusing column and the EBIT ion extracti
optics.
206 Rev. Sci. Instrum., Vol. 69, No. 1, January 1998
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the first einzel lens. The two apertures define the accepta
of the ion focusing column. The aperture sizes were selec
so that the phase-space acceptance of the focusing co
roughly matched the emittance of the ions from the sour
That is, the apertures were chosen so that the beam inte
was slightly reduced.

V. MICROSCOPE PERFORMANCE

In the present work, x rays were detected with a 5
3512 pixel CCD camera. The CCD was thinned and ba
illuminated for sensitivity to soft x rays, and the pixel siz
was 25mm. A 100-mm-thick beryllium vacuum window in
front of the CCD allowed the CCD chip to operate
vacuum so that it could be cooled during image acquisiti

An electroformed nickel mesh with 70-mm-wide lines on
500 mm centers was used to test the performance of
microscope. X rays in the energy range of 3–4 keV we
produced from Ar181 and Ar171 ions incident on a beryllium
target. The x-ray spectrum is shown in Fig. 2. The nick
mesh sample was placed in air, and a 125-mm-thick beryl-
lium vacuum window served as the x-ray production tar
for the highly-charged-ion beam. The thickness of the nic
mesh was 4.7mm, corresponding to a transmission of 8% f
3.1 keV argonKa x rays. As can be seen in Fig. 2, the x-ra
spectrum includes a smaller flux of argonKb x rays at 3.7
keV, for which the transmission of the nickel is 18%, b
there is essentially no x-ray flux at higher energies. He
the average x-ray transmission through the mesh is sma

The microscope was set up directly above the EBIT in
vertical orientation. The nickel mesh was located 5 m
above the x-ray source, and the CCD was 50 mm above
x-ray source, giving a magnification ofM510. An x-ray
image of the nickel mesh from a two-hour exposure is sho
in Fig. 4. The intensity of each pixel is the integral of th
charge it collects from multiple x-ray events during the e

FIG. 4. Image of a nickel mesh with 3 keV x rays. The spacing of the m
lines is 500mm.
X-ray microscope
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posure time. The noise in the image is from x-ray pho
statistics and could be reduced with a longer exposure ti
The contribution of electronic noise from the CCD is neg
gible.

The EBIT was operated with an electron beam curren
150 mA at 17.1 keV. Highly charged argon ions were p
duced and trapped using a 200 V axial potential well. T
beryllium x-ray production target was at ground potential,
the energy of the incident argon ions was determined by
17.3 keV potential of the top trap electrode over which t
ions were extracted. Ions were extracted from the trap at
s intervals by raising the potential of the center trap electr
at a rate of 6 V/ms until it became more positive than the
electrode potential.

A. Resolution

Inspection under a visible-light microscope confirm
that the profile of the nickel-mesh lines was rectangular,
the blurring of the edges of the mesh lines in the x-ray ima
was used to obtain an estimate of the resolution of the x
microscope. The voltages on the two einzel lenses were
justed for best resolution, resulting in values of 16.2 and 1
kV on the first and second lenses, respectively. These v
ages were used to obtain the image of Fig. 4. Figure 5 sh
a profile from one of the mesh lines of Fig. 4 obtained
averaging over 100 rows in the CCD image. Since
nickel-mesh sample was much closer to the x-ray source
the CCD, the resolution of the microscope is approximat
equal to the width of the focused ion spot. If the focused
spot has a Gaussian intensity profile with cylindrical symm
try, as expected, then each edge of a mesh line will have
error-function profile. The solid curve in Fig. 5 was calc
lated using a Gaussian beam profile with its width adjus
to fit the observed image. The resulting value for the dia
eter of the x-ray-emitting spot is 20mm full width at half
maximum~FWHM!.

FIG. 5. Profile of one of the mesh lines in the image of Fig. 4. The so
curve is a fit with the x-ray source size adjusted to match the meas
profile as explained in the text.
Rev. Sci. Instrum., Vol. 69, No. 1, January 1998
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B. Ion emittance

The emittance and intensity of the ion beam from t
EBIT source are the most important parameters determin
the performance of our x-ray microscope. Although it is d
ficult to measure the emittance precisely, we performed so
additional measurements to obtain rough estimates for
emittance and intensity of the Ar181 and Ar171 components
of the ion beam used in the present work. Emittance is
fined ase5prr 8, where r is the radius of the beam at
waist andr 8 is its divergence angle. The emittance is the a
of the ellipse in phase space with axes of length 2r and 2r 8.
In what follows we use an emittance that contains roug
50% of the beam intensity. Although the beam radius
changed by the einzel lenses in the ion focusing column,
emittance is conserved. We obtained independent estim
of the beam emittance at two locations: at the entrance of
ion focusing column and at the final focused spot.

1. Measured emittance

The radius of the final focused ion spot was determin
to be 10mm as described above. Ray tracing calculations
the ion focusing column show that, for the conditions used
obtain the image of Fig. 4, ions that pass the 4 mm sec
aperture converge to a final focus with angles up to 70 mr
In a run with the second aperture removed the x-ray fl
increased by a factor of approximately 2, which indica
that r 8570 mrad is the angle that includes roughly 50%
the beam. The 50% emittance is then 0.7p mm mrad. This
may be an underestimate of the actual EBIT emittance s
some ions are also lost on the first aperture, and others
outside the 10mm characteristic radius of the final spot.

In a separate measurement with the ion focusing colu
removed, a 1-mm-diam aperture was placed at the loca
of the entrance to the focusing column, and a beryllium t
get foil was placed just downstream of the aperture. The fl
of Ar181 and Ar171 ions transmitted through the aperture w
monitored by detecting 3 keV argonK x rays from the target
foil with a silicon detector. The beam was centered on
aperture by applying<30 V potentials to the extraction
steering plates~see Fig. 3!. Using the calculated beam de
flection, it was found that a transverse displacement of
mm reduces the intensity of the beam transmitted through
1 mm aperture by a factor of 2, suggesting that the be
radius is on the order of 0.4 mm or less. We obtained
independent measure of the beam size by placing a w
mesh just above the beryllium vacuum window and reco
ing its shadow with the CCD camera. For this test the ap
ture was completely removed. An analysis of the wire-me
shadow yielded a beam radius ofr'0.3 mm half width at
half maximum~HWHM!. Although this result was obtaine
during a different run period with highly charged xenon ion
beam spot sizes for argon and xenon are expected to be
lar because these ions have roughly the same thermal en
per unit charge;20 hence they follow similar trajectories.

Having determined the approximate size of the ion be
at the entrance of the ion focusing column, we now estim
the beam divergence at the same location. The 7.5 mm
ameter of the EBIT extraction aperture limits the maximu
size of the beam in the extraction einzel lens. This lim

ed
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corresponds to a rough upper limit ofr 8,8 mrad for the
convergence angle of ions focused at the entrance of the
focusing column. A more accurate estimate of the ion an
can be obtained from ray tracing calculations of the ion
cusing column, which show that ions with initial divergen
up to 3 mrad at the entrance aperture will pass the sec
aperture. Combining this value ofr 853 mrad with the mea-
surements of the beam radius (r'0.3– 0.4 mm) yields an
emittance ofe'1.0p mm mrad.

2. Expected emittance

The expected emittance of an EBIT or EBIS can be c
culated from the properties of the trapped ions. Althou
emittance is changed during acceleration, the normali
emittance, defined byen5(v/c)e, wherev is the ion veloc-
ity, is conserved and can be related back to the tempera
and volume of the trapped ions. The unnormalized emitta
can then be expressed as

e5pr 0AkTi /qU, ~1!

where Ti is the temperature of the trapped ions,r 0 is the
radius of their confinement volume,U is the acceleration
potential, andq is the ion charge.21 Detailed computer mod
els of ion trapping in an EBIT predict a temperature f
trapped Ar181 and Ar171 ions that is mainly determined b
the trapping potentialVwell . Usually, kTi'0.1q Vwell ,

20 a
result that is supported by spectroscopic measurements o
temperature of trapped Ti221 ions.22 The ion temperature
also depends on the electron beam current and other pa
eters, but the exponential dependence of the ion escape
on temperature limitskTi to a small fraction of the well
depth.

The confinement radius of the trapped Ar181 and Ar171

ions has not been measured for the present conditions. H
ever, sincekTi /q is close to the 14 V space charge potent
at the 35mm electron beam radius, we expect that the
confinement radius is about the same as the electron b
radius. Hence we estimate thatr 0'35mm. ~In a more care-
ful calculation, which is not justified here, we would choo
r 0 so that the phase space volume defined bye contains
exactly 50% of the ions.! Assuming kTi /q'0.1Vwell

520 eV for the 200 V well at the beginning of the extractio
ramp, the corresponding expected emittance for Ar181 at
17.3 keV ise'1.2p mm mrad. This value could be smalle
for ions extracted from a shallower well at the end of t
extraction ramp. The fact that the estimates of the actual
expected emittance are similar in size suggests that if e
tance growth occurs during ion extraction and separa
from the electron beam, it is not a large effect.

C. Intensity

The x-ray count rate is not easily obtained from the CC
images because x rays deposit varying amounts of charg
the CCD, and some events deposit charge in more than
pixel. We used a silicon photodiode detector to measure
argonK x-ray production rate from a beryllium vacuum win
dow located behind a 1 mmtantalum aperture. Correction
were included for x-ray attenuation in air and beryllium. T
208 Rev. Sci. Instrum., Vol. 69, No. 1, January 1998
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x-ray production rate was;23105 s21 into 4psr, corre-
sponding to 13103 x-ray photons per second incident on th
microscope target within the solid angle of the CCD det
tor. Assuming a fluorescence yield of 12%, this correspo
to an incident ion flux of 1 – 23106 s21, depending on the
Ar181/Ar171 ratio in the beam. This flux is comparable to
flux of 0.93106 Ar171 ions per second measured with a Fa
aday cup from an EBIT nearly identical to ours~but operat-
ing at a lower electron beam energy!.23

It is possible to make a very rough estimate of the e
pected ion intensity from the operating parameters of
EBIT. Ions are confined to a length of approximately 2 c
along the electron beam. This length of beam contains
3108 electron charges for the 150 mA, 17.1 keV beam us
in the present work. If roughly 20% of the electron spa
charge is neutralized by argon ions, and roughly 1/2 of
argon-ion charge is in the 181 and 171 charge states afte
0.4 s of ion influx and stripping,20 then the trap contains
1.43106 Ar181 and Ar171 ions. Dumping the trap every 0.
s as in the present measurements would yield an ave
Ar1811Ar171 flux of 3.53106 s21. Although this estimate of
the expected ion flux is imprecise, its approximate cons
tency with the measured x-ray intensity suggests that
efficiency for extracting Ar181 and Ar171 ions and focusing
them through a small aperture is good.

It should be noted that highly charged argon ions ar
very common beam from EBIS devices, for which up to 1010

extracted positive charges per second have been reporte16 a
value two orders of magnitude larger than the flux obtain
from our EBIT. Since the emittance of an EBIS is expect
to be similar to that of an EBIT, these devices could beco
a bright source for a highly-charged-ion-based projection
ray microscope.

VI. DISCUSSION

We have demonstrated a projection x-ray microscope
ing x rays from the radiative deexcitation of slow high
charged ions at a target surface. In the initial tests repo
here, a resolution of 20mm was achieved with 3 keV x rays
Yada and Takahashi have demonstrated that a resolutio
better than 0.2mm can be achieved in projection x-ra
microscopy.8 In their work, x rays were produced by focus
ing the electron beam of a scanning electron microscope o
a thin target foil. Different target foils and electron bea
energies were investigated with regard to electron be
spreading and target heating. The resolution was limited
marily by diffraction @D5(la)1/2# and by electron beam
spreading in the target. Reduction of the spot size of
highly-charged-ion beam would allow the resolution of o
x-ray microscope to be reduced to the diffraction limit b
cause spreading of the highly-charged-ion beam in the ta
is negligible. Target heating is not expected to limit the x-r
intensity for slow highly-charged-ion beams because th
x-ray production efficiency is greater than that of electr
beams.

The emittance and intensity of the highly-charged-i
beam are key parameters for the performance of our x
microscope. Measured values of the emittance and inten
X-ray microscope
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of the ion beam used in the present work are roughly con
tent with estimates based on the properties of the sou
Dramatic improvements in the highly-charged-ion-based
ray microscope are expected to follow from improvements
the ion source. EBIT and EBIS devices with a 1000 fo
increase in ion flux compared to the device used in
present work have been proposed.24,25 Even without antici-
pated improvements in the ion emittance, the size of
focused ion spot could be reduced by collimation of a m
intense ion beam. This is a common practice with conv
tional focused ion beams. We did not use a large amoun
collimation with our present ion source because the im
acquisition rate would have been too low. A 1000-fold i
crease in the present incident x-ray flux of 13103 photons
per second would make the flux equal to that used for sc
ning x-ray microscopy at the National Synchrotron Lig
Source~at 350 eV!,3 and at the Cornell High Energy Syn
chrotron Source~at 12.3 keV!.11 However the spatial resolu
tion of the synchrotron-based microscopes is much be
than the resolution obtained in the present work.

Finally, we note that the focused ion beam of 20mm
FWHM produced in the present work is, to our knowledg
the smallest ever achieved for slow highly charged ions.
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